Abstract BMP2 is a growth factor that regulates the cell fate of mesenchymal stem cells into osteoblast and adipocytes. However, the detailed signaling pathways and mechanism are unknown. We previously reported a new interaction of Casein kinase II (CK2) with the BMP receptor type-Ia (BMPRIa) and demonstrated using mimetic peptides CK2.1, CK2.2 and CK2.3 that the release of CK2 from BMPRIa activates Smad signaling and osteogenesis. Previously, we showed that mutation of these CK2 sites on BMPRIa (MCK2.1 (476S-A), MCK2.2 (324S-A) and MCK2.3 (214S-A)) induced osteogenesis. However, one mutant MCK2.1 induced osteogenesis similar to overexpression of wild type BMPRIa, suggesting that the effect of this mutant on mineralization was due to overexpression. In this paper we investigated the signaling pathways involved in the CK2-BMPRIa mediated osteogenesis and identified a new signaling pathway activating adipogenesis dependent on the BMPRIa and CK2 association. Further the mechanism for adipogenesis and osteogenesis is specific to the CK2 interaction site on BMPRIa. In detail our data show that overexpression of MCK2.2 induced osteogenesis was dependent on Caveolin-1 (Cav1) and the activation of the Smad and mTor pathways, while overexpression of MCK2.3 induced osteogenesis was independent of Caveolin-1 without activation of Smad pathway. However, MCK2.3 induced osteogenesis via the MEK pathway. The adipogenesis induced by the overexpression of MCK2.2 in C2C12 cells was dependent on the p38 and ERK pathways as well as Caveolin-1. These data suggest that signaling through BMPRIa used two different signaling pathways to induce osteogenesis dependent on CK2. Additionally the data supports a signaling pathway initiated in caveolae and one outside of caveolae to induce mineralization. Moreover, they reveal the signaling pathway of BMPRIa mediated adipogenesis.
Introduction
Bone morphogenetic protein 2 (BMP2) is a growth factor that belongs to the TGF-beta superfamily and plays a crucial role not only during skeletal development but in processes as diverse as neurogenesis and hematopoiesis reviewed (Chen et al. 2004; Kawai et al. 1994) . At the cellular level, BMP2 is a key factor regulating the cell fate of mesenchymal stem cells (MSCs) into osteoblasts, adipocytes, myocytes and chondrocytes reviewed in (Senta et al. 2009 ). However, the key mechanisms regulating these processes are still undetermined, especially the specificity of signals that drives the specific pathways.
The most studied BMP2-dependent signaling occurs via the BMP receptor type Ia (BMPRIa) and BMP receptor type II (BMPRII). BMP receptors are serine/threonine kinases. The type II receptors are constitutively active and activate the type I receptors by phosphorylation at the GS box (glycine/serine rich region of the BMPRIa) upon ligand binding reviewed in (Bragdon et al. 2012; Chen et al. 2004; ten Dijke et al. 1993) . We previously reported an interaction of Casein Kinase II (CK2) with BMPRIa (Bragdon et al. 2010) . CK2 is a highly conserved, ubiquitously expressed enzyme with more than 300 substrates that affects cell growth, proliferation, differentiation, apoptosis and tumorigenesis reviewed in (Duncan and Litchfield 2008) . CK2 interacts with BMPRIa at three potential sites: at amino acid residues 213-217, 324-328 and 475-479, which are conserved throughout TGF-beta Type I receptor (Bragdon et al. 2010) . Using peptides blocking the interaction of BMPRIa with CK2, CK2.1, CK2.2 and CK2.3, we previously showed that the Smad pathway is activated without exogenous BMP2 being necessary (Bragdon et al. 2009; . Similarly, mutation of the CK2 sites on BMPRIa by exchanging S-A within one of the three potential CK2 phosphorylation sites leads to induction of osteogenesis. As we previously reported this is due to CK2 being released from BMPRIa in response to BMP2 stimulation ( Fig. 1a) (Bragdon et al. 2011; .
Once active, the BMPRIa initiates BMP signaling at the cell membrane in distinct membrane domains such as caveolae and clathrin coated pits (CCPs) (Bragdon et al. 2009; Hartung et al. 2006; Nohe et al. 2004) . It is thought that the location of the BMP receptors in distinct domains regulates specific downstream responses. Canonical Smaddependent signaling by phosphorylation of Smad1, 5 and 8. Phosphorylated Smad1, 5 and 8 bind to Smad4 and the Smad complex translocates to the nucleus where it activates the expression of targeted genes reviewed in (Massague 1998 ) such as RUNX2 (Matsubara et al. 2008) or PPARγ (Hata et al. 2003) . RUNX2 was shown to be a key regulator for osteogenesis, (Matsubara et al. 2008 ) while the induction of peroxisome proliferators-activated receptor γ (PPARγ) is crucial for differentiation into adipocytes. PPARγ is dependent on the levels of CCAAT/enhancer binding protein-β (C/EBP-β) (Siersbaek et al. 2010 ).
In the Smad-independent signaling, the p38, mTOR and ERK, signaling pathways are activated (Lai and Cheng 2002; Langenfeld et al. 2005) (Fig. 1b) . To activate the p38 pathway, activated BMP receptor complex activates TGF-β-activated Kinase 1 (TAK1), a MAP kinase kinase kinase, and TAK binding protein 1 (TAB1). The TAK1-TAB1 complex activates MAP kinase kinases, MKK3, MKK6, and MKK4, and NF-kB, MKK3 and MKK6 activates p38, a MAP kinase (Kimura et al. 2000) (Fig. 1b) . AKT, a serine threonine kinase, is activated through the PI3K kinase pathways and plays a key role in multiple cellular processes such as glucose metabolism, cell proliferation, apoptosis, gene transcription and cell migration. BMP2 can also activate ERK, but the mechanism of activation is not known. ERK1/2 further activates MEK1/2 (Lou et al. 2000) .
The p38 (Guicheux et al. 2003) and Smad (Hata et al. 2003) pathways were shown to be necessary for MSC differentiation; however both pathways are activated independent of the differentiation outcome. This indicates that other factors and pathways such as ERK and AKT signaling maybe are crucial determinants for the final cell fate. Another possibility lies in a protein that is not identified or not associated with these pathways (Lou et al. 2000) . Here we show that the signaling activated by the peptides is independent of the presence of BMP2. Mutation of the CK2 phosphorylation site on BMPRIa at 213-217 (MCK2.3) led specifically to osteogenesis through the MEK/ERK pathway. Mutation of the CK2 phosphorylation site at 324-328 (MCK2.2) led to both adipogenesis and osteogenesis. Similar effects were observed by blocking CK2 from binding to BMPRIa using peptides CK2.2 and CK2.3. MCK2.2 mediated osteogenesis is mediated by Smad and mTor pathways, while adipogenesis is mediated by p38 and ERK pathways. Additionally, we show that mineralization is induced in a Caveolin-1 (Cav1) dependent and independent manner. These data reveal signaling pathways activated by BMPRIa to induce osteogenesis and adipogenesis. The data also demonstrate that both processes can be mediated through the same BMP type-I receptor.
Materials and methods

Materials
The cell line C2C12 was purchased from American Type Culture Collection (Manassas, VA, USA). Recombinant BMP2 was obtained from GenScript (Piscataway, NJ, USA). Peptides, HD (control peptide containing the Antennapedia homeodomain signaling sequence), CK2.2, and CK2.3 were purchased from GenScript (Piscataway, NJ, USA). Plasmids encoding BMPRIa-RFP, BMPRIa mutants MCK2.2, and MCK2.3 constructs were subcloned and mutated by Mutagenex (Piscataway, NJ, USA). SB203580 (p38) inhibitor, PD98059 (MEK) inhibitor, and Rapamycin (mTOR) were purchased from CalBiochem (San Diego, CA).
Cell culture
Murine myoblast cells (C2C12) were grown in Dulbecco's Modified Eagle's Medium (Hy-Clone, Pittsburgh, PA) supplemented with 10 % (v/v) fetal bovine serum (FBS) (Gemini Bio-Products, West Sacramento, CA), 0.5 % (v/v) L-Glutamine (Cellgro, Manassas, VA) and 1 % (v/v) penicillin/streptomycin (Hy-Clone, Pittsburgh, PA). Serum starved media without FBS contained Dulbecco's Modified Eagle's Medium (Hy-Clone, Pittsburgh, PA) supplemented with 0.5 % (v/v) L-Glutamine (Cellgro, Manassas, VA) and 1 % (v/v) penicillin/streptomycin (Hy-Clone, Pittsburgh, PA). Non-treated C2C12 cells in serum starved media simultaneously differentiate into myocytes. Media was changed every other day. 1X Trypsin (Cellgro, Manassas, VA) was used to detach cells from the flasks during cell splitting and plating.
Design of CK2 peptides A Prosite search including patterns with a high probability of occurrence on BMPRIa yielded possible CK2 phosphorylation sites at amino acids 213-217 (SLKD), and 324-328 (SLYD). Peptides were designed with the Antennapedia homeodomain signal sequence for cellular uptake and incorporated one of these binding sites, CK2.2 (SLYD), and CK2.3 (SLKD). The peptides also included several amino acid residues flanking each side that are important for the binding of CK2 to BMPRIa, creating a total length of 29 amino acids (CK2.2 and CK2.3).
Design of BMPRIa mutants lacking CK2 binding site Mutant constructs of BMPRIa were generated and verified by DNA sequencing by Mutagenex (Piscataway, NJ, USA). The BMPRIa sequence in the expression vector pcDNA I was subcloned into the ds RFP monomeric vector using the cloning sites Hind III and XbaI (BMPRIa-RFP). The BMPRIa subcloned into expression vector pcDNA I has previously been described (Gilboa et al. 2000) . The BMPRIa mouse sequence contains two predicted CK2 phosphorylation sites, located at amino acids 213-217 (SLKD), and 324-328 (SLYD). The serine amino acid was point mutated to an alanine in each of the CK2 phosphorylation sites. The dsRED monomeric vector was obtained from Dr. Robert Sikes at the University of Delaware.
Von Kossa C2C12 cells were grown to 90 % confluence in 24 well plates and serum starved overnight before treatment. Next day cells were treated as noted per individual experiment with the peptides, BMP2 or Noggin. After 7 days cells were washed with cold PBS pH7.4, fixed using 4 % (w/v) parafolmaldehyde for 10 min, and washed with cold PBS pH 7.4 again to remove remnants of fixative. Von Kossa stain 5 % (w/v) silver nitrate in dH 2 O as previously described (Bragdon et al. 2010 ) was applied to each well and plate was put under the UV light for 10-30 min depending on the intensity of individual UV light box (same light box was used within each set of experiments). Cells were then washed with dH 2 O until dH 2 O washed clear. Plates were allowed to dry and the mineralized area was identified by dark areas. These areas were analyzed by taking at least 20 random high magnification images of each well of treatment with a Nikon TMS automatic mode with phase 1 with a 20× objective. Data was then quantified with the use of ImageJ (NIH, Bethesda), where images were converted to 8 bit and threshold was set to the positive control. Same threshold was used for all treatments in an individual experiment. The surface area of the stain was quantified by using the "analyzing particles function", a function of ImageJ that can be used to calculate areas of black which represented mineralization section. All media was the same for all treatments for osteogenesis. The difference was only in the addition of the peptides or transfection of the cells.
Oil Red O C2C12 cells were grown to 90 % confluence in 24 well cell star plates from GBO and serum starved overnight before treatment. Next day cells were treated as noted per individual experiment. After 7 days, depending on the conditions of individual experiment, cells were washed with cold PBS pH7.4, fixed using 4 % (w/v) paraformaldehyde for 10 min and washed with cold PBS pH7.4 again to remove excess fixative. Oil Red O stain was prepared by creating a stock solution consisting of 0.35 g of Oil Red O powder dissolved in 100 ml of isopropanol. On the day of staining 6 ml of stock solution was mixed with 4 ml of dH 2 O which was labeled as working solution and set aside for 20 min after which it was filtrated through 0.22 μm filter. The working solution was applied to each well for 15 min and washed once with dH 2 O for a period of 1 min to avoid washing off lipid droplets. Plates were allowed to dry. The area covered by lipid droplets (identified by the red stain) was analyzed by taking at least 20 random high magnification images of each well of treatment with a Nikon TMS automatic mode with phase 1. Data was then quantified with the use of ImageJ, where images were converted to 8 bit and threshold was set to the positive control. Same threshold was used for all treatments in an individual experiment. The surface area of the stain was quantified by using the "analyzing particles function", a function of ImageJ that can be used to calculate areas of dark which here is the lipid droplets. All media was the same for all treatments for adipogenesis. The difference was only in the addition of the peptides or transfection of the cells.
Co-transfection of C2C12 cells C2C12 cells were grown to 90 % confluence in 24 well plates and serum starved overnight before treatment. Cells were then transfected by Turbofect (Fermentas, Glen Burnie, MD) following manufacture's procedure with 3 μg DNA plasmid encoding BMPRIa, MCK2.1, MCK2.2, or MCK2.3 and 200 ρmole Cav1, CK2, or Smad4 (Santa Cruz Biotechnology, Santa Cruz, CA) where noted. These siRNAs were identical to those previously used and shown to have (approximately 70 % knockdown for Caveolin (Saldanha et al. 2013) , approximately 40 % knockdown for CK2 (Bragdon et al. 2010 ) and knockdown for approximately 50 % SMAD4 (Cencetti et al. 2010) ), and identical parameters were used for the current manuscript. Cells transfected or untransfected with control siRNA or dsRED were used as controls where noted. Following 4 h, the media was exchanged to serum containing media. The next day cells were serum starved for 4 days following fixation for imaging, von Kossa or Oil Red O staining as previously described.
Cell labeling for confocal microscopy imaging C2C12 cells were grown to 70 % confluence on coverslips. Cells were transfected with plasmids encoding dsRED, BMPRIa, MCK2.1, MCK2.2 and MCK2.3. After being serum-starved for 12 h, C2C12 cells were stimulated or not stimulated with 40 nM BMP2 for 1 or 3 days as indicated. Cells were washed with PBS, and fixed using ice cold methanol/acetone method as previously described (Bragdon et al. 2009 ) and incubated with 3 % BSA for 30 min. After that, cells were labeled for 1 h at room temperature with PPAR γ Mouse Monoclonal IgG (Santa Cruz Biotechnology, CA, USA) diluted 1:100 in 3 % BSA following with the diluted 1:1000 Alexa Fluor 488 donkey Anti-Mouse IgG (Invitrogen detection technologies, Eugene, Oregon, USA) for 1 h. The nuclear stain Hoechst (Thermosceintific, West palm Beach, FL) was administered for 2 min after which the coverslips were mounted on the slides using Airvol (20 g Airvol, 80 ml sterile water, stir mixture 60C-70C 1-2 h, 40 ml glycerol, 0.2 ml of 0.2 M Tris pH 8.5, centrifuge 18,000×g). (Nohe and Petersen 2007 ) PPARγ staining appears green in color and nuclear stain is blue. The specificity of the fluorescent secondary antibody for PPARγ (Alexa Fluor 488 donkey Anti-mouse IgG) was also tested by labeling non-transfected cells with only the fluorescent secondary antibody (Fig. 5a control) .
Quantification of membrane expression of BMPRIa, MCK2.1 MCK2.2 and MCK2.3 Cells transfected with BMPRIa, MCK2.1, MCK2.2 and MCK2.3 were grown for 1 day or 3 days after transfection. Cells were fixed using acetone/methanol and imaged using the Zeiss 780 confocal with a 63 × objective. Transfected cells versus non transfected cells were counted and revealed a transfection efficiency of approximately 70 %. High magnification images of the membrane were collected. In order to quantify expression, gains and laser power were set in the linear range as described (Nohe and Petersen 2007) . PCR C2C12 cells were cultured and stimulated with 40 nM and 100 nM of CK2.2 and CK2.3. Stimulation with HD peptide was used as a control. After 3 days, total RNA was isolated from the cells using the Trizol method in accordance with manufactures protocol (Invitrogen). Two-step RT-PCR was performed with the total RNA obtained, with reverse transcriptase (Qiagen). In the first step the RNA obtained was subjected to reverse transcription reaction with 1 μg RNA, 2 μl dNTps, 2 μl oligodT, 2 μl MgCl 2, 0.5 μl RNAase inhibitor, 4 μl of RNA free water and 0.75 μl of Reverse Transcriptase purchased from IMPROM. In the second step, DNA obtained from the Reverse Transcription reaction was used for PCR amplification using specific primers for PRDM16 forward (F) CAGCACGGTGAAGCCATTC and PRDM16 reverse (R) GCGTGCATCCGCTTGTG. PCR products were loaded on a 1 % agarose gel and stained with Ethidium bromide. Actin was used as the loading control.
Disruption study C2C12 cells were grown to 90 % confluence in 24 well plates and serum starved overnight before the treatment. Cells were then transfected using Turbofect (Fermentas, Glen Burnie, MD) following manufacture's procedure. Cells were transfected with 200 ρM of the scrambled siRNA or siRNA against Cav1 from Santa Cruz Biotechnology (Santa Cruz, CA) as previously described (Saldanha et al. 2013 ). The siRNAs used were identical to those previously used shown to have approximately 70 % knockdown, and identical parameters were used for the current manuscript. Non transfected cells, control siRNA or dsRED transfected cells were used as a control. Following 4 h, the media was exchanged to serum containing media. The next day cells were serum starved for a period of 4 days, when they were fixed and either von Kossa or Oil Red O staining was performed as described.
Treatment with inhibitors C2C12 cells were grown to 90 % confluence in 24 well plates and serum starved overnight before treatment. Cells were then transfected using Turbofect (Fermentas, Glen Burnie, MD) following manufacture's procedure with 3 μg of DNA plasmid encoding MCK2.2. Transfected cells with MCK2.2 alone were used as positive controls. Following 4 h, the media was exchanged to serum containing media. The next day cells were serum starved and treated with SB203580 (p38), PD98059 (MEK), or Rapamycin (mTOR) where noted. Inhibitor studies on C2C12 cell were extensively described by the following experimentation (Higuchi et al. 2002; Viñals et al. 2002) . After 4 days cells were fixed and stained with von Kossa stain or Oil Red O stain as described.
Data analysis
Single factor Anova, followed by Tukey Kramer post-hoc test was used to analyze all data presented. All experiments were repeated three or more times. All data was normalized to control in each experiment as noted. Outliers were removed using the Chauvenet's criterion. Error bars are represented as a standard error of the mean (SEM). Numbers and letters on the graph denote significant differences (p<0.05).
Results
BMP2 mediated adipogenesis and osteogenesis is concentration dependent in C2C12 cells
BMP2 is known to induce osteogenesis and adipogenesis depending on the cell type and BMP2 concentration (reviewed in (Schulz and Tseng 2009; Tseng and He 2007) ). However, distinct differentiation end points resulting in adipocyte or osteoblast formation in the same cell line in order to elucidate the difference between the differentiation mechanisms is concurrently lacking. C2C12 cells were stimulated or not stimulated (control) with 40pM, 40 nM and 200 nM of BMP2. After 8 days, cells were fixed and stained for mineralization (von Kossa) and lipid droplets formation (Oil Red O) separately. Mineral deposits and lipid droplet formation were used as defined end points to describe osteoblastic or adipogenic phenotypes, respectively. Cells were treated equally between experiments and the results indicated that C2C12 cells were able to commit to different lineages under these experimental conditions. BMP2 induced osteogenesis independent of concentration ( Fig. 2a) , however, only the highest concentration of BMP2 (200 nM) induced adipogenesis (Fig. 2b) .
Mutation of aa213-217at BMPRIa induced adipogenesis in addition to osteogenesis
The differences observed between osteogenesis and adipogenesis shown above could be due to the activation or release of different proteins associated with the BMP receptors or the activation of downstream signaling pathways. It was reported previously that BMPRIa interacts with CK2 at three potential binding sites on BMPRIa and the addition of BMP2 leads to a release of BMPRIa from CK2. Peptides that block this interaction initiate Smad signaling independent of exogenous BMP2. Three BMPRIa mutants were created, each with a single point mutation within the CK2 binding domain (S to A) of BMPRIa. The mutants were named as the following: mutant CK2 (MCK2) at binding site 1 (MCK2.1 (aa 218S-A)), site 2 (MCK2.2 (aa 325S-A)), and site 3 (MCK2.3 (aa 214S-A)). As reported overexpression of MCK2.1, MCK2.2, and MCK2.3 in C2C12 cells reveal that only MCK2.2 and MCK2.3 are able to induce osteogenesis as measured by an increase in mineralization compared to the overexpression of BMPRIa (Bragdon et al. 2009; 2011; . Similar results were obtained using peptides CK2.2 and CK2.3 that release CK2 from BMPRIa (Bragdon et al. 2009; 2011; . In order to determine the expression levels of BMPRIa, MCK2.1, MCK2.2 and MCK2.3 on the plasma membrane, we used quantitative confocal microscopy. For this cells were transfected with the plasmids encoding BMPRIa or the mutants and non-transfected cells served as a negative control. After 1 or 3 days cells were fixed and confocal images were obtained. Figure 3a shows the expression of BMPRIa and the BMPRIa mutants as indicated by the red fluorescent images since the proteins were tagged with dsRED. The nontransfected control cells showed no fluorescence therefore only the transfected cells were imaged at a high magnification to quantify the expression of BMPRIa, MCK2.1, MCK2.2 and MCK2.3 on the plasma membrane. These images were collected as far away from the nucleus as possible. As Fig. 3 shows there was no significant difference in the expression level of the three mutants and overexpression of BMPRIa. The surface quantitation experiments were verified by Western blot analyses, which yielded similar results (data not shown).
The effect of the mutants on adipogenesis was then tested, cells were transfected with either the empty vector dsRED, BMPRIa, or one of the three BMPRIa mutants. As an additional control, cells were not transfected. Only MCK2.2 induced lipid droplet formation compared to the overexpression of BMPRIa, dsRED, or control cells, while MCK2.3 showed no effect (Fig. 4a) . Since MCK2.1 had no significant effect compared to BMPRIa overexpression, we focused on MCK2.2 and MCK2.3. As we previously reported blocking the interaction between CK2 and BMPRIa at site 2 (MCK2.2) increased mineralization (Bragdon et al. 2011) . Our data shown here demonstrate that MCK2.2 also increases lipid formation while inhibiting site 3 on BMPRIa (MCK2.3) increased only mineralization. This indicates that these two specific binding sites for CK2 may direct different outcomes through the BMPRIa.
To confirm the effect of the mutants, C2C12 cells were stimulated with 100pM, 40 nM, 100 nM, and 500 nM of CK2.2 or CK2.3 peptides to determine their effect on adipogenesis (Fig. 4b) . The HD peptide (control peptide) and non-stimulated cells were used as controls for each concentration. Eight days after stimulation with the peptides, lipid droplet formation was determined with Oil Red O stain. Lower concentrations (100pM and 40 nM) of CK2.2 induced adipogenesis (Fig. 4b) . This confirms the result of the mutant of MCK2.2 on adipogenesis. Interestingly CK2.3 stimulation at a high concentration seemed to inhibit adipogenesis in C2C12 cells, this maybe due to a role independent of BMPRIa, since this is not observed by overexpressing MCK2.3
PPARγ is activated when CK2 interaction site 2 on BMPRIa is blocked PPARγ expressed in adipose tissues is induced during differentiation and is translocated to the nucleus before transcriptional activation of most adipose specific genes (Kubota et al. 1999) . In order to confirm adipogenesis due to the mutant MCK2.2 and the lack of adipogenesis with MCK2.3, cells were transfected with the empty vector dsRED, BMPRIa, MCK2.2, or MCK2.3 and fluorescently stained for PPARγ. Nuclear translocation was visualized by co-staining with the nuclear Hoechst stain. As can be seen from Fig. 5a , PPARγ nuclear localization is only seen with the cells transfected with MCK2.2. PPARγ was not localized to the nucleus with the overexpression of dsRED, BMPRIa, or MCK2.3.
Loss of interaction between CK2 and BMPRIa at the phosphorylation site 2 promotes brown Fat formation
To investigate the nature of fat formation, we used PRDM16 which has been shown to be up regulated in Fig. 3 BMPRIa, MCK2.1, MCK2.2 and MCK2.3 expression levels. In order to test the expression of BMPRIa or the mutants on the plasma membrane, C2C12 cells were transfected or not transfected (control) with plasmids encoding BMPRIa or mutant BMPRIa. After 1 and 3 days, the cells were fixed and confocal images of dsRED tagged BMPRIa or the mutants were collected. Forty high magnification images of the membrane of C2C12 cells were collected for each slide and the intensity was quantified using ImageJ. a Representative images of cells at low and high magnification. b Intensities were quantified and normalized to the overexpression of BMPRIa. The intensities show no change in expression levels between day 1 and day 3. All mutants showed similar expression brown adipose tissue (BAT) as compared to white adipose tissue (WAT) and is used as a marker of BAT (Seale et al. 2007) . Although recent studies show that PRDM16 expression is evident in subcutaneous WAT in mice, still PRDM16 is used in this study as a marker for BAT. This is due to the fact that have shown that PRDM16 is a marker for BAT formation in C2C12 cells as well as in primary myogenic cells (Seale et al. 2008 ). However, we cannot rule out that WAT formation is also influenced.
Brown adipocytes mainly oxidize fuels and dissipate energy in the form of heat. Brown fat pre-adipocytes depleted of PRDM16 differentiated into myocytes (Seale et al. 2007 ). In the present study C2C12 cells were stimulated with the HD (control peptide), CK2.2, and CK2.3 peptides for a period of 72 h and RNA was extracted. cDNA was then obtained by RT-PCR and the expression of PRDM16 was tested by PCR. GAPDH was used as a loading control. HD peptide stimulation acts as a negative control. As has been shown before (Bragdon et al. 2010 ) C2C12 cells stimulated with the CK2.3 peptides have shown significant osteogenesis as opposed to those stimulated with the control HD peptide. The DNA gel showed the presence of PRDM16 with the treatment of peptide CK2.2, suggesting that there is differentiation of BAT from C2C12 cells (Fig. 5b) .
Noggin treatment inhibits BMP2-induced mineralization and lipid droplet formation but not CK2.2 or CK2.3
In order to determine if the effect of the peptides is due to an upregulation of BMP2, we used Noggin (40 nM) to block BMP2 interaction with BMPRIa. Non-stimulated cells were used as controls. As Fig. 6 indicates, while Noggin inhibits mineralization and adipogenesis mediated by BMP2, it had no effect on mineralization or adipogenesis mediated by the peptides. Taken together Fig. 4 Blockage of CK2.2-BMPRIa interaction induces adipogenesis. a Mutants for each of the CK2 binding sites of BMPRIa, BMPRIa, or dsRED were transfected in C2C12 cells and stained for lipid droplet formation using Oil Red O stain. Controls were non-transfected cells. MCK2.2 induced adipogenesis compared to BMPRIa overexpression and controls. At least 4 independent experiments were performed and averages are graphed with SEM as error bars. Data was normalized to the control. a = statistically significant different to control, b = statistically significant different to dsRED, c = statistically significant different to BMPRIa, d = statistically significant different to MCK2.1, e = statistically significant different to MCK2.2, f = statistically significant different to MCK2.3. b. C2C12 cells were treated with 100 ρM, 40 nM, and 500 nM of designed peptides and stained for lipid droplet formation using Oil Red O stain. CK2.2 induced adipogenesis at 100 ρM, 40 nM and 100 nM,. At least 4 independent experiments were performed and averages are graphed with SEM as error bars. Data was normalized to the control at each concentration. a = statistically significant different to control, b = statistically significant different to HD, c = statistically significant different to CK2.2, d = statistically significant different to CK2.3, 1,2,3,4 = statistically significant different within 100pM, 40 nM, 100n and 500 nM respectively these data with data previously published, which show that siRNA against BMPRIa abolishes CK2.3 mediated Smad signaling suggests that the peptides act downstream of BMP2 and BMPRIa (Bragdon et al. 2011 ).
MCK2.2 induced osteogenesis is dependent on the expression of Cav1, CK2, and Smad4 but not MCK2.3 mediated osteogenesis
In order to identify a possible signaling mechanism involved in the differentiation of osteogenesis induced by blocking the interaction between CK2 and BMPRIa, key proteins belonging to canonical BMP2 signaling was downregulated using siRNA. BMP receptors localize in distinct membrane domains such as caveolae and clathrin coated pits. Caveolae are composed of Cav1 and downregulation of Cav1 inhibits caveolae formation on the plasma membrane. Previous studies showed that downregulation of CK2 in C2C12 cells activated Smad signaling and it was shown this effect is due to the inhibition of the interaction of CK2 with BMPRIa (Bragdon et al. 2010) . Although the BMP receptors interact with CK2 and the mutants and peptides interfere with the CK2-BMPRIa interaction, it is not clear whether CK2 is necessary for signaling downstream of BMPRIa. Therefore, C2C12 cells were transfected with 3 μg MCK2.2, MCK2.3 and 20 ρmoles of siRNA against CK2, Cav1, Smad4, or control (scrambled siRNA) where noted. Additional controls consisted of non-transfected cells and cells transfected with only the control siRNA. Cells transfected with scrambled siRNA did not have an effect. Transfected cells with MCK2.2 or MCK2.3 alone were used as positive controls, due to their ability to induce osteogenesis. After 4 days cells were fixed and stained for mineralization using von Kossa. Downregulation of CK2, Cav1, and Smad4 showed approximately a significant 60 % decrease in mineralization for MCK2.2, (Fig. 7a-b) .
Presence of CK2, Cav1, and Smad4 are needed for MCK2.2 induced adipogenesis Since the overexpression of MCK2.2 also induced adipogenesis in C2C12 cells, the role of CK2, Cav1, and Smad4 were investigated. Cells were transfected with plasmids encoding MCK2.2 and 20 ρmoles of siRNA against CK2, Cav1, Smad4 or control (scrambled siRNA) where noted. Cells transfected with scrambled siRNA did not show an effect Overexpression of MCK2.2 alone was used as positive control due to its ability to induce adipogenesis. Fig. 5 Loss of interaction between CK2 and BMPRIa at the aa324-328 leads to nuclear localization of PPARγ and upregulation of BAT marker PRDM16. a C2C12 cells were transfected with BMPRIa, MCK2.2, and MCK2.3 for 3 days and stained with PPARγ antibody and Hoechst nuclear stain. Minimal nuclear translocation of PPARγ is observed upon transfection with BMPRIa, but when cells were transfected with MCK2.2, all PPARγ is activated and localized to nucleus. As control cells were transected with a plasmid expressing monomeric dsRED and labeled for PPAR gamma. As an additional control cells were only labeled with the secondary Alexa488 antibody without primary antibody (control). All cell nuclei were stained using the Hoechst stain. b To determine whether differentiated adipocytes express PRDM16, a marker of BAT, C2C12 cells were cultured and stimulated with CK2.2 or CK2.3 peptides at 40 nM and 100 nM. Cells stimulated with HD peptide were used as a control. Interestingly no PRDM16 was detected in the control group, although the red oil stain showed some few adipocytes in the well. This may be due to the low amount of the adipocytes present in the control. Total RNA was isolated from cells after 3 days and RT-PCR was performed followed by PCR. Only samples stimulated with CK2.2 showed clear expression of PRDM16. GAPDH is used as a control After 4 days cells were fixed and stained for lipid droplet formation using Oil Red O. Downregulation of CK2, Cav1, and Smad4 by siRNA significantly decreased cell differentiation into adipocytes in MCK2.2 transfected cells as shown by the reduced number of lipid droplets (Fig. 7c) .
mTor AKT pathway regulates osteoblastic differentiation while p38 and MEK pathway regulates adipocyte differentiation BMP2 signal transduction downstream of its receptors utilizes Smad1, 5, and 8, PI3K/AKT/mTOR, ERK/MEK, JNK, p38, and NF-κB to regulate osteogenesis (Fig. 1b) summarized in (Bragdon et al. 2011) , while the Smad and p38 pathways can also lead to adipocyte differentiation (Fig. 1c) (Hata et al. 2003) . Several possibilities could explain why signaling pathways activate the same intermediates but result in two different outcomes. To address the possibility that BMPRIa-CK2 mediated adipocyte differentiation is initiated by signaling via a different pathway(s) compared to osteoblast differentiation, inhibitors were used to disrupt specific signaling pathways and the effect on cell differentiation was observed.
C2C12 cells were transfected with MCK2.2 plasmids to induce adipogenesis and osteogenesis. As controls cells were non-transfected or transfected with dsRED. The following day the cells were treated with either 1 μM SB203580 (p38), 5 μM PD98059 (MEK), or 300 nM Rapamycin (mTOR) where noted (Fig. 8) . After 4 days cells were fixed and stained with von Kossa stain (mineralization) or Oil Red O stain (lipid droplet). In cells transfected with MCK2.2 plasmid, Rapamycin significantly inhibited osteogenesis, but MEK and p38 inhibitors had no effect on mineralization (Fig. 8a) . When the same treatment was used for C2C12 cells to study MCK2.2 induced adipogenesis, it was observed that p38 and MEK inhibitors significantly reduced lipid droplet formation, but Rapamycin had no significant effect (Fig. 8b) . This observation indicates that mTor-AKT pathway is important for osteoblastic differentiation while p38 and MEK signaling are important for adipogenesis in cells utilizing the CK2.2 signaling pathway.
Osteoblastic differentiation induced by MCK2.3 is mediated through ERK-MEK pathway
To study the differentiation pathway of MCK2.3 induced osteogenesis, specific inhibitors were used and the effect on mineralization was analyzed. C2C12 cells were transfected to overexpress MCK2.3 to induce osteogenesis and the next day the cells were treated with either 1 μM SB203580 (p38), 5 μM PD98059 (MEK), and 300 nM Rapamycin (mTOR). After 4 days cells were fixed and von Kossa stain was used to assess mineralization. The average area covered by mineralization/cell was measured since the number of cells per well was not uniform. Analysis with Image J showed that the MEK inhibitor significantly decreased osteogenesis while inhibitors for p38 and mTOR had no effect (Fig. 8c) .
Taken together these results show that the BMPRIa mutant, MCK2.2, induced osteoblast and adipocyte differentiation and the outcome required different functional pathways in the C2C12 cell line, namely, osteogenesis needs the Smad and mTor-AKT pathway, while adipogenesis was dependent on Smad, p38, and MEK pathways (Fig. 9) . Further MCK2.3 only induced osteoblast differentiation which needed functioning MEK. Inhibitor studies on C2C12 cell were extensively studied to support the following experimentation (Higuchi et al. 2002; Viñals et al. 2002) .
Discussion
Osteoblasts and adipocytes are derived from the MSC lineage and the mechanism regulating the differentiation between these two lineages is poorly understood. One of the key growth factors influencing MSC differentiation is BMP2. While BMP2 has been approved by the FDA for spinal fusions, and is demonstrating promising results for reversing the osteoporotic phenotype in mice (Marcus et al. 2008) , it also leads to adipocyte differentiation upon treatment. C2C12 cells also have the potential to differentiate into myocytes. This process however takes approximately 3-4 weeks in normal media under serum starvation (Griffin et al. 2004) . In this paper we focus on the earlier time points. The actual ratio of differentiated osteoblasts to adipocytes upon stimulation has not been looked at, and the mechanism of differentiation is unclear. There are some speculations as to why the same ligand binding results in two distinct outcomes, but no clear and agreed upon answer has been found to date.
BMP2 signaling cascade begins when BMP2 binds to heteromeric receptor complexes consisting of at least one type I and one type II receptor. Upon binding of BMP2, the type II receptor phosphorylates and activates the type I receptor at the GS-box. The serine/threonine kinase type I receptor then activates downstream signaling (Derynck and Feng 1997; Itoh et al. 2000; Massague 1998 ), inducing Smaddependent, and Smad-independent signaling pathways (Hartung et al. 2006; Hassel et al. 2003) . Smad-independent signaling pathways include, p38, JNK, ERK, PI3K, and NFkB (Bragdon et al. 2010; Sieber et al. 2009) (Fig. 1) . The mechanism for the activation of different downstream effectors is not fully understood.
A Prosite search revealed three sites at which the CK2 alpha subunit could phosphorylate BMPRIa at amino acids 213-217 (SLKD), 324-328, (SLYD) and 475-479 (SYED). Peptides were designed with the Antennapedia homeodomain signal sequence for cellular uptake and incorporated one of these binding sites, CK2.1 (SYED), CK2.2 (SLYD), and CK2.3 (SLKD). Loss of interaction between CK2 and a specific site on the BMPRIa led to differentiation into osteoblasts and adipocytes depending on the specific interaction site and concentration (Figs. 2, 3, 4 and 5) . Similar results were obtained by overexpression of mutants lacking the CK2 phosphorylation sites. This is contrary to recent studies. In these studies CK2 interacts with Alk1 and this interaction is necessary to activate signaling. Additionally, CK2 enhanced Smad1, 5 and 8 signaling in response to BDNF and BMP7 (Chaverneff and Barrett 2009) . Therefore CK2 signaling mechanisms depend on the types of ligands as well as different BMP receptors. As we recently demonstrated the peptides CK2.1, CK2.2 and CK2.3 effect BMP signaling pathways downstream of BMPRIa (Bragdon et al. 2011) . Similarly as shown in this paper the mutants seem to induce BMP2 signaling independent of BMP2 present. However whether the pathways activated are similar still needs to be addressed.
This study demonstrates that pathways that possibly fine tune osteogenesis and adipogenesis are associated to different CK2 sites on BMPRIa. MCK2.2 mediated osteogenesis was dependent on functional Smad and mTor-AKT pathways while the MCK2.3-induced osteogensis required functional MEK signaling. Only MCK2.2 induced lipid droplet formation and it was dependent of the Smad, p38 and MEK pathways.
BMP2 induces osteoblast differentiation in C2C12 cells and the MEK/ERK pathway is involved, specifically BMP2 initiates the phosphorylation of ERK during osteogenesis. BMP2-induced osteoblast differentiation markers, alkaline phosphatase (ALP) staining, Osterix, and the expression of collagen type Iα and ALP are decreased with the incubation with the MEK inhibitor, U0126, in C2C12 cells. Additionally BMP2 activated ERK increases mRNA and protein levels of RUNX2 and its stability suggesting a possible mechanism (Gallea et al. 2001; Jun et al. 2010) . The MEK inhibitor, PD98059, decreases osteocalcin (a marker for osteoblasts) expression in C2C12 cells although its direct effect on ALP is unclear (Gallea et al. 2001 Although the direct activation of the MEK/ERK pathway due to MCK2.2 or MCK2.3 was not shown here, the previous studies did demonstrate that BMP2 activates the MEK/ERK pathway in C2C12 cells and the pathway directs osteogenesis (Gallea et al. 2001; Jun et al. 2010) , supporting the results with the MEK inhibitor and MCK2.3. It does not explain the results demonstrating MEK/ERK pathway is involved with adipogenesis via MCK2.2, although in primary bone marrow stromal stem cells ERK activation is needed for adipogenesis (Liao et al. 2008) . These results indicate further research is needed to elucidate the complexity involved with the regulation of the BMP2 signaling mechanism at the receptor level.
The signaling pathways, p38 and Smad are important for osteogenesis and adipogenesis (Hata et al. 2003; Noth et al. 2003) . Differentiation into adipocytes and osteoblasts seems to be dependent on cell type. In C3H10T1/2 cells both p38 and Smad were shown to be required for differentiation into adipocytes by inducing and upregulating PPARγ (Hata et al. 2003) . In trabecular bone-derived osteoblasts, the Smad pathway was shown to be important for induction of osteoblast maturation (Noth et al. 2003) . Both studies were done on cells that were further along in the differentiation pathway and do not fully answer the question of initiation of differentiation of MSCs. Additionally, while PI3K was shown to be activated by BMP2 stimulation (Bragdon et al. 2010; Sugimori et al. 2005) , no solid evidence was presented for the mTor-AKT pathway in the osteogenesis in C2C12 cell differentiation. The results shown here suggest that mTor-AKT pathway is important for MCK2.3 induced C2C12 cell differentiation into osteoblasts.
A limitation of this study is the methods used to study the end points for osteogenesis and adipogenesis, von Kossa (mineralization) and Oil Red O (lipid formation). Both methods are semi-quantitative and relative with the image process used. Other studies have shown BMP2-induced osteoblast differentiation in C2C12 cells using various (Gallea et al. 2001; Jun et al. 2010 ) methods including von Kossa and ALP (Bragdon et al. 2010) . It was shown that pparγ translocates to the nucleus and Prdm16 expression is present with the overexpression of MCK2.2, which both supports adipogenesis.
This study showed that C2C12 cells utilize both Smaddependent and Smad-independent signaling pathways for MCK2.2 mediated osteogenesis and adipogenesis, but only the Smad-independent pathway, MEK/ERK for MCK2.3 mediated osteogenesis. Key differences in the cell differentiation pathway leading to osteoblast and adipocyte differentiation induced by the BMPRIa-CK2 interaction were identified. It also opened a new chapter for research related to BMP receptor regulation of BMP2-dependent stem cell signaling and differentiation, and raised questions that will hopefully be answered in the near future. Also the finding that CK2.3 reduces adipogenesis at high concentrations may indicate that the peptide CK2.3 has additional functions within the cell independent of its regulation of blocking CK2.3 downstream of BMPRIa.
